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Abstract 
In this study, primary cultured epithelia of the efferent duct, the initial 
segment and the cauda epididymidis were mounted in Ussing chambers under 
short-circuited condition to investigate the regional differences in basal bioelectrical 
properties, secretory mechanisms, relative importance of second messenger-
mediated electrolyte secretion and the signal transduction pathways involved in the 
secretory response to [arg^]-vasopressin (AVP). 
The results showed that the efferent ductal epithelium exhibited the highest 
basal short circuit current (Isc) whereas the cauda epididymal epithelium showed 
the highest transepithelial resistance. In all regions, electrogenic CI" secretion 
contributed over 98 % of the basal Isc. Three ion carriers were found in the 
basolateral side of the epithelium. There was a SITS-sensitive Cl'/HCOs" 
exchanger, an amiloride-sensitive Na+/H+ exchanger and a bumetanide-sensitive 
Na+/K+/2C1" symport. Forskolin, an adenylate cyclase activator (basolateral, 1 
M-M), prostaglandin E2 (PGE2, basolateral, 1 iiM) and ionomycin, a Ca2+ 
ionophore (apical, 1 |iM) elicited a rise in Isc in all regions. The efferent duct was 
the most responsive to forskolin and exogenous PGE2 while the cauda 
epididymidis was the most responsive to ionomycin. 
Studies on the effects of AVP on the efferent duct and the cauda epididymidis 
showed that basolateral addition of AVP was capable of stimulating a dose-
dependent increase in Isc. The secretory response was mediated via Vi receptor 
on the basolateral membrane. Removal of ambient CI" by substituting with 
gluconate and apical addition of CI" channel blocker, diphenylamine-2-carboxylate 
(DPC，1 mM) completely abolished the secretory response. Pretreating the efferent 
duct with indomethacin (apical, 5 JIM) or forskolin (basolateral, 1 |liM) but not 
thapsigargin, an agent that depletes intracellular Ca2+ store by inhibiting 
microsomal Ca2+-ATPase (apical, 1 |iM) or trifluoperazin, a Ca2+-calmodulin 
inhibitor (TFP, apical, 20 jlM) significantly (P <0.001) inhibited the response to 
A VP. However in the cauda epididymidis, pretreatment with all four agents 
significantly (P < 0.001) reduced the A VP-evoked response. In conclusion, the 
A VP stimulated CI" secretion in the efferent duct might involve synthesis of 
prostaglandin and cAMP as a second messenger. Whereas in the cauda 
epididymidis, endogenous prostaglandin synthesis is involved and Ca2+，in 
addition to cAMP might be involved as second messengers. 
Abbreviations List 
AVP [arginine -vasopressin 
cAMP adenosine 3',5' cyclic monophosphate 
ATP adenosine 5'-triphosphate 
CGRP calcitonin gene related peptide 
5 a-DHT 5 a-dihydrotesterone 
DPC diphenylamine - 2- carboxylate 
EMEM Eagle's minimum essential medium 
emf electromotive force 
FSH follicle stimulating hormone 
HBSS Hank's balanced salt solution 
IP3 Inositol (1,4,5) triphosphate 
Isc short circuit current 
K-H solution Krebs-Henseleit solution 
MDCK Madin-Darby canine kidney 
PD potential difference 
PGE2 prostaglandin E2 
SITS 4 - acetamido - 4* - isothiocyanatosilbene - 2 , 2 ' - disulfonic 
acid 
TFP trifluoperazine 
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Chapter I Introduction 
L I Anatomy and functions of the epididymis 
1.1.1 Gross anatomy and functions 
The epididymis is a long, convoluted tubule connected proximally to the rete 
testis through the efferent duct and distally to the vas deferens which empties into 
the ejaculatory duct. The epididymis can be grossly divided into four parts namely 
the initial segment, the caput (head), the corpus (body) and the cauda (tail) (Fig LI) 
(Robaire and Hermo, 1988): Initial segment located between the efferent duct and 
the caput epididymidis. This region shows characteristic histological appearances 
and this is where spermatozoa and testicular fluid are received. In the caput (head) 
region together with the efferent duct and the initial segment, active electrolyte 
transport and endocytosis are taking place. As a result, the fluid entered the middle 
and terminal region of the epididymis is many-fold concentrated (Rao 
Veeramachaneni and Amann, 1991; Roa Veeramachaneni, Amann, Palmer and 
Hinton, 1990). Corpus (body) acts as a connection between the proximal and the 
distal region, it has a passive role for the transport of spermatozoa. Cauda (tail) is 
the most distal region. The time in which spermatozoa spent in this region is longer 
than the others. Actually, spermatozoa are being stored up in this region before 
ejaculation (Cooper, 1986; Robaire and Hermo, 1988). According to the 
evolutionary development of functions, another three regional terminology namely 
the initial segment, the middle segment and the terminal segment have been 
suggested. All these segments have their own distinct histology and they are not 
synonymous with caput, corpus and cauda (Sun and Flickinger, 1979). The initial 
segment and the middle segment are mainly involved in spermatozoa maturation 
while the terminal segment is considered to be involved in spermatozoa storage 
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Fig LI 
Diagrammatic representation of the male rat reproductive system showing the 
seminiferous tubule, the efferent duct, the initial segment, the caput, corpus, cauda 
epididymides and the vas deferens. 
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the epithelial cell type's difference and tubule diameter, the epididymis in some 
species can be further divided into many regions. In guinea pig seven regions can 
be identified while it is five regions in mouse, six regions in rat，horse, ram and 
bull and eight regions in rabbit and man (Robaire and Hermo, 1988). 
1.1.2 Histology of the epithelium and functions of different cell types 
Composition of the epididymal luminal fluid differs considerably from that of 
the blood plasma. There is a progressive change in the fluid composition along the 
epididymal tubule. By the fine tuning of transport activities across the epithelium, 
the tubular fluid composition thus the microenvironment can be properly controlled. 
Besides, the epithelium also act as a protective barrier serves to prevent the entry of 
toxic or foreign substances from blood into the tubule and hence contact with 
spermatozoa (Hinton, 1985). Therefore the epithelium is a very important 
component of the male excurrent duct system. In the efferent ductal epithelium, a 
high abundance of ciliated cells is present. Most of the cells in this region possess 
highly developed endocytotic apparatus and it has been shown that they are 
specialized in the endocytosis of various substances (Hermo, Barin and Robaire, 
1992; Robaire and Hermo, 1988). There are five main types of cell in the 
epididymal epithelium. They are principal, basal, clear, halo and narrow cells (Sun 
and Flickinger, 1979). These cells have their own functions, morphology and 
distribution along the epididymal epithelium. The principal cell is the most 
abundant cell type among the others. It is present along the epithelium in all 
regions (Robaire and Hermo, 1988). The outstanding features of this cell type 
include many stereocilia, apical vesicles, vacuoles and an extensive supranuclear 
Golgi apparatus (Sun and Flickering, 1979). Transportation is the main function of 
principal cell. The substances being transported include electrolytes, proteins, 
enzymes and hormones (Robaire and Hermo, 1988). The basal cells locate 
adjacent to the basal lamina of the epithelium. It has an increasing percentage from 
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the caput to the cauda epididymidis. This cell has a dense triangular nucleus and is 
poor in cytoplasmic organelles (Levine and Marsh, 1971; Robaire and Hermo, 
1988). Halo cell is small and round. It is wandering throughout the epididymal 
epithelium. It has a dense nucleus and a pale cytoplasm with spare organelles. It is 
thought that halo cells have function resemble to that of lymphocytes (Cooper, 
1986; Levine and Marsh, 1971; Robaire and Hermo, 1988). Clear cell is only 
found in the middle and terminal segments. This cell contains numerous electron-
lucent apical vesicles, vacuoles and lysozyme-like structure that containing dense 
materials. It is thought that this cell is secretory in nature and is capable of 
synthesizing proteins (Cooper, 1986). Narrow cell is exclusively found in the 
initial segment. It is being identified by the deep-staining cytoplasm, an upper half 
located elongated nucleus and an ill-defined base contacting with the basement 
membrane (Robaire and Hermo, 1988). This cell possesses well-developed 
endocytotic apparatus that has been suggested for the uptake of cytoplasm droplets 
released from spermatozoa (Levine and Marsh, 1971). 
1.2 Regional differences 
1.2.1 Epithelium 
According to the differences in histology, structure and function of the 
epithelium, the epididymis can be divided into regions, segments and zones. In the 
proximal region, the epididymal tubule is lined by tall columnar pseudostratified 
epithelial cells with long stereocilia on the apical border. Only a few spermatozoa 
are found within the lumen. In the middle region, the height of the epithelium and 
the stereocilia on the epithelial cells are shorter. The lumen is slightly wider and 
more spermatozoa are found. The distal region has the lowest epithelium and in 
some species, very short stereocilia were present. The lumen is large and is almost 
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filled with spermatozoa (Flickinger, Howards and English, 1978; Nicander and 
Glover, 1973; Robaire and Hermo, 1988; Sun and Flickinger, 1979). 
The distribution of cell types in the epithelium also shows regional difference. 
The population of principal cell decreases from 80% of the total cell type in the 
initial segment to 65% in the cauda epididymidis. On the other hand, the 
population of basal cell increases from 12% in the caput region to 21% in the caudal 
region while that of the clear cell increases from 0% in the caput region to 10% in 
the caudal region (Robaire and Hermo, 1988). 
As the epididymis is capable of active transport of salts and water, 
intercellular tight junction is an important facet of the epithelium. Using the freeze-
fracture technique, intercellular junction of the male rat excurrent duct shows 
obvious regional difference. In the efferent duct where the epithelium mainly 
consists of ciliated and nonciliated cells, the tight junction between these epithelial 
cells is poorly developed. The number of tight junction strands (which indicates 
the tightness of the epithelium) is very low. In many places, the tight junction 
domain is almost completely replaced by gap junction. These results show that the 
efferent ductal epithelium is a weak barrier that is permeable for the transportation 
of many substances. Similar to the efferent duct, the caput epididymal epithelium 
has a loosely interconnected network of tight junction. Throughout the corpus and 
the cauda epididymidis, the epithelium is found to be well developed. Compared 
with the efferent duct, the number of tight junction strands is significantly higher. 
Along the epididymal epithelium, there are three main differences of the 
organization of the tight junction network. First of all, there is a decrease in the 
width of the tight junctional domain. Second, more discontinuous strands appeared 
in the distal region. Lastly, more conspicuous parallel orientated strands are found 
in the distal regions. Therefore showing that the corpus and cauda epididymal 
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epithelia are very tight. The differences in intercellular tight junction network of the 
epithelium show that the permeability and hence the transport activities are different 
along the male excurrent duct epithelium. The weak epithelial barrier in the efferent 
duct and the caput epididymidis may probably facilitate water and electrolytes 
movement while the relatively stronger epithelial barrier of the cauda epididymidis 
provides a better shielding of maturing spermatozoa from external insults 
(Flickinger et al., 1978; Fumie and Toshio, 1978a; Fumie and Toshio, 1978b; 
Nicander and Glover, 1973). 
1.2.2 Electrolyte transport 
Among the various substances transported across the epithelium, electrolyte 
plays an important role in regulating the osmolality of the luminal fluid, the motility 
potential and the acrosome reactions in spermatozoa (Cooper, 1986). 
Micropuncture studies have shown that there are progressive changes in electrolyte 
concentration and osmolality of the luminal fluid In general, there is a decrease in 
Na+ and CI" concentrations but an increase in K+ and P04^" concentrations 
(Cooper, 1986). In the proximal region near the efferent duct, large volume of 
water leaving the testis is reabsorbed back across the epithelium. In the rat, about 
50% of the fluid entering the epididymis is reabsorbed (Levine and Marsh, 1971; 
Nicander and Glover, 1973) while in bull and boar, the percentage is as high as 
90% (Cooper, 1986). For the remaining fluid, about 50% entering the middle and 
distal regions is reabsorbed back. There are two mechanisms proposed for this 
dramatic water reabsorption. The first one is micropinocytosis at the luminal 
plasmalemma. The second involves the osmotic gradient generated by electrolyte 
transport. It is suggested that in the caput and corpus regions, the driving force for 
water reabsorption is due to the C1' transport followed by passive Na+ movement 
whereas in the caudal region, the driving force is the active Na十 transport (Hinton, 
1980; Wong and Yeung, 1978). Besides Na+ and CI", H+ is found to be secreted 
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into the lumen by the cells of the caput and cauda epididymidis. In the rat, the pH 
of the luminal fluid change from 7.31 in seminiferous tubule to 6.4 in caput region. 
However in the caudal region, the pH increases slightly to 6.85 (Hinton, 1985). 
1.3 Short circuit current studies on CI" secretion in the cultured rat 
epididymal epithelium 
Recently, primary cultures of the epididymal epithelium on pervious supports 
provide an in vitro model for studying the electrolyte transport across the epithelium 
(Cuthbert and Wong, 1986; Kierszenbrum, Lea, Petrusz, French and Tres, 1981). 
The in vitro model has various advantages over the in vivo model. First, primary 
cultures of the epididymis consist mainly of epithelial cells. The effects of other 
cell types (e.g.. Smooth muscle cells), endogenous hormones, mediators and 
neurotransmitters can be eliminated during the experiments. Second, the agents 
being studied can be directly added onto the epithelial cells rather than transport 
through blood stream or epididymal plasma. On the other hand, cultured epithelial 
cells have been found to retain physiological activities in vivo such as protein, 
glycoprotein secretion and absorption and endocytosis (Kierszenbrum et al., 1981; 
Raczek, Yeung, Hertle, Schulze and Cooper, 1992). The Isc measurement is used 
to elucidate active transport of ions across the epithelium. Under short-circuited 
condition, an external emf is applied across the epithelium so that both sides of the 
epithelium are at the same potential. In such condition, no passive transport of ions 
will take place while the active transport of ions will continue and attribute mainly 
to the resulting current. The resulting current under such condition is known as 
Isc. Therefore changes in the Isc can reflect the active transport processes of the 
monolayer (Koefoed-Johnsen and Ussing, 1958; Ussing and Zerahn, 1950). In 
the cultured rat cauda epididymal epithelium, it is found that active CI" secretion 
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contributes to the major component of the Isc (Cuthbert and Wong, 1986; Wong, 
1988c). 
The secretory process in the epididymis conforms to the three basolateral 
membrane carrier model proposed for the rat mandibular gland (Norak and Young, 
1986; Wong, 1988c; Wong, Fu and Huang, 1990) (Fig 1.2) . The cell actively 
takes up CI" from the interstitial fluid via the Na+/K+/2C1- symport and the C1' 
/HCO3" exchanger located on the basolateral membrane, as a result, intracellular 
is accumulated above its electrochemical equilibrium. High intracellular Na+ 
concentration is maintained by the action of Na+/H+ exchanger. Energy for the 
uptake of anion is derived from the Na+ gradient maintained Na+/K+-ATPase at 
the basolateral membrane. There is also a K+ channel for the exit of K+ which 
enters the cell through the Na+/K+-ATPase and Na+/K+/2C1- symport. Upon 
stimulation, CI" diffuses out through the apical anion channels. 
A number of factors are found to be involved in the regulation of CI" 
secretion. Adrenoceptors of the a i , pi and P2 subtypes are shown to be present in 
the epithelial cells. Additions of the adrengeric agonists give rise to an increase in 
Isc showing that CI" secretion is under adrengeric regulation (Leung, Yip and 
Wong, 1992; Wong, 1988c). A number of peptide hormones like angiotensin n 
and CGRP can also stimulate a rise in Isc via their specific receptors (Leung, 
Leung, Cheng-Chew and Wong, 1992; Wong, Fu, Huang and Law, 1990). 
Recent studies have shown that ATP can also stimulate CI" secretion by stimulating 
P2 purinoceptor on the apical membrane of the cells (Leung, Tai and Wong, 1993; 
Wong, 1988a). It is generally believed that at least two types of signal transduction 
pathway are involved in the stimulus-secretion coupling in the cauda epididymal 
epithelium (Huang, Fu, Chung, Zhou and Wong, 1993; Leung et al.，1993). 
Activation of CGRP receptors and p-adrenoceptors elicit CI" secretion via 
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Fig 1.2 
Schematic diagram showing the “ Three membrane ion carrier “ model for CI" 
secretion (Please refers text for further details). 
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an increase in intracellular cAMP as the second messenger (Leung et aL, 1992a; 
Leung, et aL, 1992b) (Fig L3). On the other hand, stimulation of P2 purinoceptor 
and a-adrenoceptor cause a rise in intracellular Ca2+ as the second messenger 
(Leung et aL, 1992; Wong, 1988a) (Fig 1.4). In some cases, a single agonist can 
stimulate both signal transduction pathways. For example noradrenaline can 
stimulate a rise in Ca2+ through the activation of a-receptors to elicit a fast initial 
spike in Isc. It can also stimulate a rise in cAMP that gives rise to a later sustained 
increase in Isc via the Pi-receptors (Leung et aL, 1992b). In addition, endogenous 
prostaglandin production is also involved in the stimulation of electrogenic CI" 
secretion. Addition of PGE2 to the blood side of the tissues causes CI" secretion 
(Wong, 1988c) while blockage of prostaglandin synthesis could inhibit the 
stimulatory effect of endothelin (Wong et aL, 1989). In summary, cAMP and Ca2+ 
are important signal transducers in the epididymal epithelial cells. 
1.4 Physiological effects of vasopressin in the epididymis and the 
male reproductive tract 
Using the immunohistochemical techniques, a number of peptide hormones 
like endothelin, CGRP, FSH, and inhibin have been identified in the epididymis 
(Garde, Sheth, Kullkami and Shah, 1991; Hurkadi, Joseph, Garde and Sheth, 
1991; Leung et al., 1992a; Wong, Cheng-Chew, Leung and Qin, 1991). Some 
have been found to stimulate electrogenic CI" secretion in the cauda epididymal 
epithelium (Leung et al.，1992b; Wong et al” 1989). Recently, using 
immunoreactive and radiolabelling techniques, AVP and its receptor have been 
identified along the male reproductive tract (Kasson, Meidan and Hsuen, 1985; 
Nicholson, Smith, Birkett, Denning-Kendall and Pickering, 1988; Nicholson, 
Swann, Burford, Claire Wathes, Porter and Pickering, 1984). In general, the 
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Signal transduction pathway of the CI" secretion stimulating agonists in the rat 
Cauda epididymal epithelial cell. The agonist receptor coupled to guanine-
nucleotide binding protein (G) and adenylate cyclase (AC) in which cAMP is 
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Signal tmasduction pathway of the CI" secretion stimulating agonists in the rat 
Cauda epididymal epithelial cell. The agonist receptor coupled to guanine-
nucleotide binding protein (G) and phospholipase-C (PLC) in which the rise in 
intracellular Ca2+ is induced and being used as the second messenger. 
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namely Vi and V2. Vi receptor is found in a variety of tissues such as hepatocytes, 
arterial smooth muscle cells, epididymal smooth muscle cells, Leydig cells, kidney 
tubular cells and mesangial cells (Ammar, Roseau and Butlen, 1992; 
Gopalakrishnan, Xu, Sulakhe, Triggle and McNeill, 1991; Kasson et al., 1985; 
Maggi, Malozowski, Kassis, Guardabasso and Rodbard, 1987). The effects of Vi 
receptor stimulation include glycogenolysis in hepatocytes, smooth muscle 
contraction and prostaglandins production in kidney mesangial cells. On the other 
hand, V2 receptor is exclusively expressed in the epithelial cells of the distal 
collecting tubules where it mediates the reabsorption of water and electrolytes 
(Clements and Funder, 1986). The signal transduction pathway coupling these two 
types of receptor is different. In general, Vi receptor elicits a rise in intracellular 
Ca2+ (Bumatowska-Hledin and Spielman, 1987). In aortic cell line A-jis cells, the 
response consisted of an initial spike of Ca2+ rise due to intracellular Ca^ """ release 
followed by a sustained rise due to extracellular Ca2+ influx (Thibonnier, Bayer, 
Simonson and Kester, 1991). Similar pattern has also been recorded in rat aortic 
smooth muscle cells (Capponi, Lew and Vallotton, 1985). In all cases, the effects 
of A VP could be blocked by V i receptor antagonist. In addition to Ca2+， 
prostaglandins are also involved during A VP stimulation (Scharschimidt and Dunn, 
1983; Wuthrich and Vallotton, 1986). In some tissues, prostaglandins synthesis 
involves Ca2+-calmodulin-dependent steps. It has been shown in glomerular 
epithelial and mesangial cells, A VP selectively induced PGE2 synthesis which can 
be blocked by Vi antagonists or by the removal of ambient Ca2+. In renal 
medullary slices, the A VP induced prostaglandins production can be blocked by 
TFP, a Ca2+-calmodulin inhibitor (Craven and DeRubeitis, 1981). The effects of 
V2 receptor stimulation involve cAMP as the second messenger. AVP acts on V2 
receptor and the ligand-receptor complex stimulates a guanine regulatory protein 
(G-protein). The latter is coupled to the adenylate cyclase and finally cAMP is 
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formed to transduce the appropriate signals (Kinter, Huffman, Stassen, 1988; 
Marunaka and Douglas,1991). 
It has been shown that AVP and its related peptides inhibit testicular androgen 
biosynthesis in cultured Leydig cells by acting on Vi receptors. The effect is 
attributed to a selective suppression of 17 a-hydroxylase and 17-20 desmolase in 
the conversion pathway of progesterone to testosterone (Adashi and Hsuen, 1982; 
Adashi, Tucker and Hsuen, 1984; Andersson, Fovaeus, Hedlund and Lundin, 
1987; Meidan and Hsueh, 1985). AVP receptors have also been found in the 
epididymis, the vas deferens and the penile erectile tissues (Andersson, Fovaeus, 
Hedlund and Lundin, 1987; ffib, 1977; Knight, 1974; Maggi et al” 1987). The 
main function of AVP in these tissues identified so far is the stimulation of smooth 
muscle contraction (Andersson et al.，1986; Andersson et al” 1987; Jaakkola and 
Talo, 1981). In fact, it is well-known that AVP can stimulate electrolyte transport 
in epithelium (Bridge, Nell and Rummel, 1983). In primary cultures of rabbit 
cortical collecting ductal cells，Na+ transport is stimulated (Canessa and Schafer, 
1992), while in MDCK epithelial monolayer, CI" secretion is being stimulated 
(Simmons and Brown, 1991). However the secretory role of AVP in the male 
excurrent duct has not been investigated. 
1.5 Objectives of the study 
In order to maintain a unique and optimal microenvironment in the 
epididymis, fluid and electrolyte transport across the epithelium are very important. 
Regional differences in the transport processes are likely to occur along the 
epididymal tubule. Most of the studies on electrolyte transport in the epididymis 
are focused only on the caudal region and study on the proximal region is still 
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lacking. Using Isc measurement technique, the present study aims to compare the 
transport mechanisms and the difference in second messengers involved in 
electrolyte transport in the proximal (efferent duct and initial segment) and the distal 
regions (cauda epididymidis) of the epididymis. 
It is found that a number of secretory agonists are involved in the regulation 
of the electrolyte transport of the epididymis (Au, Ngai, Yeung and Wong, 1978; 
Leung et aL, 1992; Wong et al„ 1989; Wong et al” 1990; Wong and Yeung, 1978) 
in which the signal transduction pathway employed may be different. 
Immunoreactivity, the receptor type and the physiological functions of the 
neurohypophyseal hormone A VP have already been identified in the testis and in 
the epididymal smooth muscle (Adashi et al” 1982; Jaakkola and Talo, 1981; 
Maggi et al； 1987; Nicholson et al., 1984; Nicholson et al,’ 1988). The second 
part of this study therefore mainly focused on the electrophysiological effects of 
A VP on the epididymal epithelium in the proximal (efferent duct) and the distal 
regions (cauda epididymidis). Also the second messengers involved are being 
studied and compared. 
In summary, the present study was carried out to investigate the regional 
difference in electrolyte transport of the epididymis and hopefully, to provide more 
understanding about the basic physiology of the epididymis. 
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Chapter n Materials and Methods 
11.1 Materials 
II.l.l Chemicals for cell culture 
Trypsin, collagenase (type I), BBSS, 5a-DHT, penicillin/streptomycin and 
sodium pyruvate were purchased from Sigma Co. (St. Louis, MO. U.S.A.). 
EMEM and foetal bovine serum were purchased from Gibco Laboratories (New 
York, U.S.A.). Non-essential amino acid was from Flow Laboratories (Virginia, 
U.S.A.). 
III.2 Chemicals and drugs for short circuit current study 
A VP, [P-Mercapto-p’p-Cyclopentamethyleneproionyl，0-Me-Tyr2,Arg8]-
vasopressin (V2 receptor antagonist), forskolin, PGE2, ATP and SITS were 
brought from Sigma Co. (St. Louis. MO. U.S.A.). AVP and [d(CH2)5-，D-Ile2， 
Ile4，ArgS]-vasopressin (Vi receptor antagonist) was from Peninsula Laboratories, 
Inc (Belmont, U.S.A.). Indomethacin, ionomycin and thapsigargin were brought 
from Calbiochem Novabiochem (California, U.S.A.). DPC was brought from 
Riedel-de Haen (Germany). Bumetanide was purchased from Leo Co.. Amiloride 
hydrochloride was brought from Merck Sharp and Dohme Research Lab. 
(Rahway, U.S.A.). TFP was from Aldrich Chemical (Milwakee, U.S.A.). 
n. 1.3 Materials for preparing pervious support 
Sylagard resin (184 silicone elastomer kit) and silicone rubber (3140 RTV 
coating) were purchased from Dow Coming Corp. (Midland, Mich. U.S.A.). 
0.45 i^m Millipore filters were purchased from Millipore Corp. (Bedford, MA. 
U.S.A.). 
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II.2 Preparation of solution for short circuit current study 
Krebs-Henseleit (K-H) solution had the following composition (mM): NaCl, 
117; KCl, 4.5; CaCl2, 2.5; MgS04, 1.2; NaHCOs, 24.8; KH2PO4, 1.2; glucose, 
11.1. The solution was gassed with 95% O2, '5% CO2 at 37 ^C and the pH of the 
solution was 7.4. In some experiments, ambient C1' was removed by substituting 
with gluconate. 
IL3 Preparation of pervious supports for the cultured epithelium 
The procedures of preparing pervious supports are summarized in fig ILL 
Silicone elasteromer was well mixed with curing agent (10:1). About 8 g of the 
mixed silicone resin was poured onto each 10 cm petri dish which was placed on a 
horizontal table until the silicone resin settled. The silicone resin was then put into 
a 50 ^ oven for 2 hours until the silicone resin was cured. The cured silicone 
resin was ready to be punched into rings with 0.1 cnfi or 0.45 cm^ inner area with 
a double-barrel cutter. The silicone ring was then adhered onto the 0.45 |im 
Millipore filter with silicone rubber to form a pervious support. The composite was 
dried in room temperature and was sterilized by UV irradiation. 
IL4 Culture of rat epididymal cells 
II.4.1 Dissection of the efferent duct, the initial segment and the cauda 
epididymidis 
Male Sprague-Dawley rats weighing 210-230 g were used as the source of 
tissues. The rats were killed by a blow to the head followed by cervical 
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dislocation. The lower abdomen was opened. The testes and the epididymes were 
dissected out. Under a dissecting microscope, the efferent duct and the epididymis 
were carefully separated from the testis. Fatty tissue was removed to expose the 
efferent duct, the caput, the corpus and the cauda epididymides. The capsule 
around the caput epididymidis was also remov^ to separate the initial segment and 
the rest of the caput epididymidis (plate 1). The efferent duct, the initial segment 
and the cauda epididymidis were dissected and were ready for culture. 
IL4.2 Culture procedures for the epithelium 
The culture procedures of various regions were summarized in fig 11,2. The 
efferent ducts and the initial segments from 12 rats and the cauda epididymides 
from 4 rats were used in each batch of culture. The dissected tissues were finely 
chopped with scissors and were digested with 0.25% (w/v) trypsin for 30 minutes 
followed by 0.1% (w/v) collagenase for 1 hour in a thermo-bath shaker (150 rpm) 
maintained at 32 ^C. Both trypsin and collagenase were dissolved in HBSS 
equilibrated at 32 ^C in 5% CO2. After collagenase digestion the cell aggregates 
were spun at 800 g for 5 minutes and then resuspended in completed EMEM. Cell 
aggregates from the cauda epididymidis were resuspended in 4 ml of completed 
EMEM while those from the efferent duct and the initial segment were resuspended 
in 3 ml of completed EMEM. The cell aggregates were incubated at 32 ^C in 5% 
CO2 for 8 hours. After the 8 hours of preplating, most of the smooth muscle cells 
and fibroblasts attached to the bottom of the culture flask whereas the epithelial cell 
aggregates remained in suspension. The suspended cell aggregates of the efferent 
duct and initial segment were centrifuged at 500 g for 3 minutes and the pellets 
were resuspended in 0.6 ml and 1.0 ml culture medium respectively. 0.1 ml of the 
resuspended cell aggregates was seeded onto the well of each 0.1 cxrP- pervious 
support. For the cauda epididymidis, 0.1 ml of the cell aggregates was seeded onto 





A photograph showing the testis, efferent duct, initial segment, caput, corpus, 
cauda epididymides and vas deferens of male rat reproductive system. (bar=l cm) 
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Fig n.2 
Flow chart showing the culture procedures of the epithelia of the efferent duct, the 
initial segment and the cauda epididymidis (Please refers text for further details). 
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ml of cell suspension from the cauda epididymidis was seeded onto pervious 
support with 0.45 crrfi area. Each pervious support was floated on 2 ml of 
completed EMEM which were then incubated in 37 ^C, 5% CO2 equilibrated 
humidified incubator. The cells were fed after 2 days in culture. 
n.4.3 Confluent epithelial monolayer 
To test for confluency, some of the cell aggregates were plated on cover slips 
instead of pervious supports. Plates 2a, b and c show photomicrographs of the 
cultured epithelia from the efferent duct, the initial segment and the cauda 
epididymidis respectively. After 4 days in culture, epithelial cells were proliferated 
from the cell aggregates and form cell-cell contact with each other. Large and 
round nuclei with conspicuous nucleoli could be seen in the epithelial cells of all 
regions. 
IL5 Short circuit current measurement 
n.5.1 Mounting of cultured epithelium on Ussing chambers 
The epithelia reached confluence after 4 days in culture and were ready for the 
measurement of Isc. The Ussing chambers for Isc measurement are shown in fig 
II.3. The pervious support (S) with the silicone ring (R) and the epithelial 
monolayer (M, area 0.1 cvrfi or 0.45 cm^) grown on it was placed on the lower 
chamber with a ring of holes (Hi). The upper chamber with a ring of stainless 
steel pins (Pi) was pressed vertically onto the pervious support so that the pins 
could penetrate through the silicone ring and enter the holes on the lower chamber. 
At the same time, two projections (Pr) in the lower chamber entered into the holes 
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Plate 2 
Phase-contrast photomicrograph of the cellular monolayers from (a) the efferent 
duct (b) the initial segment and (c) the cauda epididymidis in 4 days culture. 
Epithelial cells are proliferated from the cell aggregates (Agg). Arrows mark the 







V saj in 
I k : H2 
Pi 
^ s 
Ly A “ I 
〔 ’ 
Fig n.3 
Diagram showing the components of Ussing chambers (Please refers text for 
further details). 
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(H2) on the upper chamber so that the two chambers could be held firmly together. 
The setup was then placed horizontally as shown in fig 11.4. The chambers were 
； . .J 
pressed together by screws against a conical depression on one chamber. The 
- ^ 
whole setup became water-tight. There were two pairs of outlet from the Ussing 
chambers. One pair (V) was connected to the Ag/AgCl electrodes for the 
measurement of PD while the other (I) was connected to Ag wire electrodes for the 
application of external emf. 
n.5.2 Experimental set up for zero voltage clamp 
The Ussing chambers with the tissue mounted between were connected to the 
respectively glass reservoirs. The experimental setup was shown in fig 11.5. The 
monolayer was bathed in both sides with K-H solution which was maintained at 37 
oC by a water jacket enclosing the reservoir. The solution was bubbled with 95% 
O2 and 5% CO2 such that the pH of the solution was maintained at 7.4. Drugs 
could be added directly to the apical or basolateral side of the epithelium. Usually, 
the epithelium exhibited a basal transepithelial PD which was measured by the 
Ag/AgCl reference electrodes (Metrohm, Switzerland). Inside the Ussing 
chambers, a pair of polythene tubings (T, T，）with tip diameter of 10 mm were 
placed near the epithelium. These tubings led through a pair of 3 M KCl agar 
bridge (A, A，）to beakers containing 3M KCl and the Ag/AgCl reference electrodes. 
The close proximity of these polythene tubings and hence of the electrodes to the 
epithelium reduced the fluid resistance for PD measurement. In order to clamp the 
PD of the epithelium at zero, an external emf was applied across the monolayer 
through a pair of Ag wire electrodes. In the Ussing chambers, a pair of 3M KCl 
agar bridges (B, B') led to beakers containing 3M KCl and the Ag wire electrodes. 
The two agar bridges were arranged far away from the epithelium to ensure that a 
uniform emf was applied across the epithelium. Both pairs of electrodes were 
connected to a preamplifier (not shown in the figure) that in turn connected to a 
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Fig n.4 Diagram showing the Ussing chambers in horizontal position. 
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Experimental setup for the Isc measurement (please refers text for further details). 
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voltage-clamp amplifier (World Precision Instruction, DVC-1000). The voltage 
clamp amplifier consisted of a voltmeter (V), a micrometer (A), a potentiometer (W) 
and a DC emf source (E). The magnitude of externally applied emf was adjusted 
automatically by the potentiometer such that the transepithelial PD of the epithelium 
could be clamped at zero. Under this condition, the driving force for passive ion 
diffusion vanished and any current across the epithelium indicated active 
electrogenic ion transport. This current was know as the Isc and it was displayed 
on-line on a chart recorder. Before each measurement, a pervious support without 
tissue on it was clamped between the Ussing chambers so that the offset potential 
and the fluid resistance between the two Ag/AgCl electrodes were compensated by 
using the adjustment knobs on the voltage-clamp amplifier. In CI" substitution 
experiments, the CI" free solution was used during the offset potential and the fluid 
resistance adjustment. 
In most of the experiments, the change in Isc was defined as the maximal rise 
in Isc upon agonist stimulation. The response was expressed either as the 
percentage of the basal Isc or as an absolute change in Isc. During the 
experiments, a transepithelial PD of 0.1-0.3 mV was applied for 2.5 seconds every 
25 seconds. The change in current in response to the applied potential was used to 
calculate the transepithelial resistance of the monolayer using the Ohmic 
relationship: 
Transepithelial resistance = ^a^plied^TO^^ 
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Chapter HI Results 
s i n . l Regional differences 
in. 1.1 Basal bioelectrical properties. 
When bathed in normal K-H solution, the cultured epithelia from different 
regions of the epididymis (area 0.1 cm2) exhibited different basal bioelectrical 
properties. Fig IHl shows that the basal Isc in the efferent duct was significantly 
(PcO.OOl) higher than that in the initial segment and the cauda epididymidis 
whereas Fig IIL2 shows that the transepithelial resistance in the cauda 
epididymidis was significantly (PcO.OOl) higher than that in the efferent duct and 
initial segment. 
m. 1.2 Effects of CI" channel blocker and CI" replacement 
Previous work have shown that CI" secretion was principally responsible for 
the Isc in the cultured cauda epididymal epithelium (Leung et al” 1992; Wong et 
aL, 1989; Wong et al.’ 1990). In the present study, a CI" channel blocker, DPC 
(DiStefano, Wittner, Schlatter, Lang, Englert and Greger, 1985; Wong, 1988b) 
and CI" substitution were used to investigate the involvement of CI". In C1' free 
solution, CI- was substituted by gluconate. Fig m .3 shows the effect of DPC and 
CI" free condition on the basal Isc. It can be seen that apical addition of DPC (1 
mM) and the removal of ambient CI" significantly reduced the basal Isc in all 
regions (PcO.OOl). The basal Isc after DPC inhibition and under CI" free 
condition did not show any significant difference among the three regions. 
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FigllLl 
A comparison of basal Isc in the cultured epithelia of the efferent duct, the initial 
segment and the cauda epididymidis when bathed in K-H solution, n shows the 
number of separate epithelia used. Each column is the mean of basal Isc with 
SEM. *** represents P< 0.001，NS represents no significant difference when 
compared with the cauda epididymidis. 
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Fig m.2 
A comparison of basal transepithelial resistance in the cultured epithelia of the 
efferent duct, the initial segment and the cauda epididymidis when bathed in K-H 
solution, n shows the number of separate epithelia used. Each column is the 
mean of basal transepithelial resistance with SEM. *** represents P< 0.001, NS 
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Figm.3 
Effect of DPC (apical, 1 mM) and CI" free condition on the basal Isc in the 
cultured epithelia of the efferent duct, the initial segment and the cauda 
epididymidis. The epithelia were incubated in normal K-H solution as control 
experiments, n shows the number of separate epithelia used. Each column is the 
mean of basal Isc with SEM. *** represents P< 0.001 when compared to the 
control. 
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m. 1.3 Effects of ion transporter inhibitors 
In order to study the transport mechanism, inhibitors which are known to 
block membrane ion carriers were used at the appropriate concentrations. The 
tissues were prestimulated with forskolin (basolateral, 1 |iM) to increase the rate 
of CI- secretion. Fig IIL4 summarizes the percentage inhibition in the forskolin-
evoked Isc by sequential basolateral addition of an Cl'/HCOs" exchanger 
inhibitor, SITS (1 mM), an Na+/H+ exchanger inhibitor, amiloride (0.5 mM) and 
an Na+/K+/2C1_ symport inhibitor, bumetanide (0.1 m) on the efferent duct, the 
initial segment and the cauda epididymidis. It could be seen that the three 
inhibitors significantly inhibit the forskolin-evoked Isc in all regions. The 
percentage inhibition in Isc by each of the inhibitor did not show any significant 
difference among the three regions. 
in. 1.4 Effect of adenylate cyclase stimulator 
It has been found that cAMP was one of the second messengers mediating 
electrolyte transport in the cauda epididymal epithelial cells (Huang et al” 1993). 
In the present study, the cAMP mediated electrolyte transports in different regions 
of the epididymis were compared using the adenylate cyclase stimulator, 
forskolin (1 i^M) (Seamon, Padgett and Daly, 1981). In all regions, forskolin 
when added basolaterally caused a rise in Isc. The Isc response to forskolin is 
shown in fig III. 5. The forskolin-evoked response in the efferent duct was 
significantly (P < 0.001) larger than that of the initial segment and the cauda 
epididymidis. 
in. 1.5 Effect of exogenous PGE2 
It has been shown that exogenous PGE2 could stimulate a Isc rise in the 
cultured cauda epididymal epithelium (Cuthbert and Wong, 1986). Subsequent 
experiments were carried out to investigate the regional difference in the Isc 
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Fig nL4 
Effect of sequential basolateral additions of SITS (1 mM), amiloride (0.5 mM) 
and bumetanide (0.1 mM) on the percentage inhibition in the forskolin-evoked 
Isc in the cultured epithelia of the efferent duct, the initial segment and the cauda 
epididymidis. n shows the number of separate epithelia used. Each column is the 
mean of percentage inhibition in the forskolin-evoked Isc with SEM. 
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Figm.5 
E & c t of forskolin (basolateral, 1 |iM) on Isc response in the cultured epithelia of 
the efferent duct (ai), the initial segment (aii) and the cauda epididymidis (aiii). 
Transient current pulses were the results of intermittently clamping the potentid 
at 0.1-0.3 mV. Arrows mark the time at which forskolin was added. The 
horizontal lines represent zero Isc. (b) is the summary of the forskolin effects, n 
shows the number of separate epithelia used. Each column is the mean of Isc 
increase with SEM. *** represents P< 0.001，NS represents no significant 
difference when compared to the cauda epididymidis. 
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response to PGE2. In all regions studied, addition of PGE2 (1 jiM) to the 
basolateral side caused an increase in Isc. Similar to that of the forskolin-evoked 
responses, the PGE2-evoked response in the efferent duct was significantly (P < 
0.05) larger than that of the initial segment and the cauda epididymidis. Fig IIL6 
shows the comparison of Isc responses in different regions. 
in. 1.6 Effect of Ca2+ionophore 
In addition to cAMP, Ca2+ is another important second messenger involved 
in CI" secretion (Cuthbert and Wong, 1986; Huang et al., 1993). In the present 
study, the Ca2+ ionophore, ionomycin was used to investigate the Ca^ "*" triggered 
CI" secretion in different regions. Ionomycin (1 |iM) (Liu and Hermann, 1978) 
when added to the apical side of the tissues elicited a rise in Isc. The comparison 
of I sc increases in different regions is given in fig 111.7. In contrast to the 
forskolin- and PGE2-evoked responses, the Isc response to ionomycin in the 
cauda epididymidis was significantly (P <005) larger than that of the efferent duct 
and the initial segment. 
in.2 Effect of [arg^l-vasopressin 
m. 2.1 Effect of [arg^]-vasopressin on short circuit current 
In both the efferent duct and the cauda epididymal epithelium, addition of 
AVP basolaterally caused a rapid and transient increase in Isc- Fig in. 8 shows 
the dose-response curve of AVP on Isc in the efferent duct and the cauda 
epididymidis. The threshold dose, EC50 and maximal dose in the efferent duct 
were 1 pM, 3 nM and 1 |lM respectively. The corresponding values in the cauda 
epididymidis, were 1 nM, 30 nM and 1 |iM. 
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Fig m.6 
Effect of PGE2 (basolateral, 1 jiM) on Isc response in the cultured epithelia of the 
efferent duct (ai), the initial segment (aii) and the cauda epididymidis (aiii). 
Transient current pulses were the results of intermittently clamping the potential 
at 0.1-0.3 mV. Arrows mark the time at which PGE2 was added. The horizontal 
lines represent zero Isc. (b) is the summary of the PGE2 effects, n shows the 
number of separate epithelia used. Each column is the mean of Isc increase with 
SEM. * represents P< 0.05，NS represents no significant difference when 
compared to the cauda epididymidis. 
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Figm.7 
Effect of ionomycin (apical, 1 |jM) on Isc response in the cultured epithelia of the 
efferent duct (ai), the initial segment (aii) and the cauda epididymidis (aiii). 
Transient current pulses were the results of intermittently clamping the potentid 
at 0.1-0.3 mV. Arrows mark the time at which ionomycin was added. The 
horizontal lines represent zero Isc. (b) is the summary of the ionomycin effects, 
n shows the number of separate epithelia used. Each column is the mean of Isc 
increase with SEM. * represents P< 0.05, NS represents no significance 
difference when compared to the efferent duct. 
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Figin.8 
Dose-response curve of basolateral addition of AVP on Isc increase in the 
cultured epithelia of the efferent duct, area 0.1 cnfi and the cauda epididymidis, 
area 0.45 cm^. Values are mean of Isc increase with SEM for 4 to 6 separate 
epithelia. 
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in. 2.2 Effects of CI" replacement and CI" channel blocker 
To study the involvement of CI" in the Isc response to A VP, the effect of 
A VP was studied in the absence of extracellular Gl" and after DPC pretreatment. 
Fig in.9 shows the Isc records of the efferent duct and the cauda epididymidis. 
In normal K-H solution A VP (basolateral, 1 |j.M) elicited a rapid and transient rise 
in Isc in both regions. Removal of ambient CI" and apical addition of a CI" 
channel blocker, DPC (1 mM) completely abolished the A VP response. 
in. 2.3 Effect of repeated stimulation 
To study receptor desensitization, experiments were carried out on the 
efferent duct and the cauda epididymidis in which the tissues were repeatedly 
stimulated with A VP. Fig III. 10 shows that in both regions, the first challenge of 
A VP (basolateral, 1 |iM) caused a rapid and transient increase in Isc，however the 
Isc response to the second stimulation (basolateral, 1 |iM) was totally abolished. 
Subsequent stimulation with adrenaline (basolateral, 2.3 |iM) elicited a rapid and 
sustained increase in Isc. 
in. 2.4 Effects of receptor antagonists 
In subsequent experiments, Vi (Kruszynski, Lammek and Manning, 1980) 
and V2 (Manning, Nawrocka, Misicka, Olma, Klis, Seto and Sawyer, 1984) 
receptor antagonists were used to study the sub-types of receptors involved in the 
secretory response to A VP. The antagonists were added to the basolateral side of 
the epithelium for 5 to 10 minutes before A VP stimulation. Fig in. 11 shows the 
effect of increasing concentrations of A VP on the change in Isc with or without 
antagonist pretreatment. In the efferent duct, V i antagonist (30 nM) pretreatment 
shifted the threshold concentration and EC50 of A VP from 1 pM and 3 nM to 10 
nM and 20 nM respectively. Similarly, in the cauda epididymidis, the threshold 
- • 裕 
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Figm.9 
Effects of AVP (basolateral, 1 |J,M) on the Isc of 6 separate epithelia. (a) 
represents the efferent duct, area 0.1 cm2. (b) represents the cauda epididymidis, 
area 0.45 cm^. In (a i) and (b i), the epithelia were incubated in normal K-H 
solution. In (a ii) and (b ii), the epithelia were incubated in CI" free solution. In 
(a iii) and (b iii), the epithelia were pretreated with DPC (apical, 1 mM). 
Transient current pulses were the results of intermittently clamping the potentid 
at 0.1-0.3 mV. Arrows mark the time at which the agents were added. The 
horizontal lines indicate zero Isc. 
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Fig m. 10 
Effects of repeated AVP stimulation on the Isc of 4 separate epithelia, (a) 
represents the efferent duct, area 0.1 cm2. (b) represents the cauda epididymidis, 
area 0.45 cm^. In (a i) and (b i), the epithelia were stimulated twice with AVP 
(basolateral, 1 |iM) and then challenged with adrenaline (Adr, basolateral, 2.3 
jiM). In (a ii) and (b ii), the epithelia were stimulated with adrenaline 
(basolateral, 2,3 |iM) alone. Transient current pulses were the results of 
intermittently clamping the potential at 0.1-0.3 mV. Arrows mark the time at 
which the agents were added. The horizontal lines indicate zero Isc. 
42 
a 
2 0 . 0 厂 
。Control 
17«5 • 口 VI Antagonist Pretreated 
A V2 Antagonist Pretreated 
15.0 -
I 臺 力 
f l / 
s � . // J , 
Q Q ‘ ‘ iiii^^ITmii^ \ liiiiQ T"i mTq k 11II iQ i i i iiiiai i i iiii tl 
. 10-1410�" 10*12 lo-H 10-^ 10 ' ' 1 0 “ 
AVP Concentration (M) 
b 
3 A r 
O Control 
口 VI Antagonist Pretreated 
2J - A V2 Antagonist Pretreated « 
^ ^ T 一 
i 2。 J - R 
0 Q , ' * ' 辺 •^^-rrrTTtJ . t ‘ * 
•lO.i® 10.， 10"* 10-7 10 “ 10'^ 
AVP Concentration (M) 
Fig m. 11 
Effect of various concentrations of basolateral addition of AVP on Isc increase in 
the epithelia of (a) the efferent duct, area 0.1 cm^ and (b) the cauda epididymidis, 
area 0.45 cm2. AVP was added to the epithelia with [P-mercato-P,P-
cyclopentamethylenepropionyl^, 0-Me- Tyr^, Arg^]-vasopressin (Vi antagonist, 
basolateral, 30 nM) pretreatment, [d(CH2)5, D-Ile^, Ile4, Arg^]-vasopressin (V2 
antagonist, basolateral, 90 nM) or without antagonist pretreatment. V^ues are the 
mean of Isc increase with SEM for 4 to 6 separate epithelia. 
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and EC50 of AVP were shifted from 1 nM and 30 nM to 10 nM and 100 nM 
respectively. Also, the maximal responses in both regions were greatly reduced 
in the presence of Vi receptor antagonist. In the efferent duct, the maximal 
response decreased from 13.5 土 0.18 |jA cm-2 to 2.50 土 0.72 |iA cm-2. In the 
cauda epididymidis, the maximal response decreased from 2.22 土 0.25 |iA cm-2 to 
0.83 ± 0.11 jiA cm-2. Pretreatment with V2 antagonist (90 nM) had no effect on 
the A VP-evoked response in both regions. 
in. 2.5 Effects of thapsigargin and TFP 
In order to see whether the AVP stimulated Isc response was mediated 
through the release of intracellular Ca2+, the effects of thapsigargin (1 |iM), an 
intracellular Ca2+ uptake inhibitor (Thastrup, Cullen, Dr0bak, Hanley and 
Dawson, 1990) and TFP (20 |XM), a Ca2+-calmodulin enzyme inhibitor (Fan and 
Powell, 1983) on the response to AVP were studied. Fig 111.12 shows the effect 
of thapsigargin pretreatment on Isc. Apical addition of thapsigargin caused a 
transient rise in Isc in both the efferent duct and the cauda epididymidis. In the 
efferent duct, thapsigargin had no effect on the AVP (basolateral, 1 p.M) 
stimulated response whereas in the cauda epididymidis, thapsigargin significantly 
(P< 0.001) reduced the AVP stimulated rise in Isc. Fig 111.13 shows that similar 
results were obtained when the tissues were pretreated with TFP. Apical addition 
of TFP caused a decrease in basal Isc in both regions. In the efferent duct, TFP 
pretreatment had no effect on the AVP (basolateral, l|iM) stimulated response 
whereas in the cauda epididymidis, A VP-evoked response was significantly 
reduced (P<0.001). 
m. 2.6 Effects of indomethacin 
To see whether prostaglandin synthesis plays a role in the AVP stimulated 
response, a cyclooxygenase inhibitor, indomethacin (5 was used to 
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Fig m. 12 
Effect of thapsigargin pretreatment on the A VP response in the epithelia of (a) the 
efferent duct, area 0.1 cnfi and (b) the cauda epididymidis, area 0.45 cm2. (a i) 
and (b i) are the Isc records of the epithelia. The left hand record in each group is 
the control in which only A VP (1 |iM) was added basolaterally without any agent 
pretreatment. In the right hand record, the epithelium was pretreated with 
thapsigargin (Thaps, 1 |iM) added apically before the challenge of A VP 
(basolateral, 1 jiM). Transient current pulses were the results of intermittently 
clamping the potential at 0.1-0.3 mV. i ^ o w s mark the time at which the agents 
were added. The horizontal lines indicate zero Isc- (a ii) and (b ii) are the 
summaries of the thapsigargin effects, n shows the number of separate epithelia 
used. Each column is the mean of Isc increase with SEM. *** represents P< 
0.001, NS represents no significant difference when compared to the control. 
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Fig m. l3 
Effect of TFP pretreatment on the AVP response in the epithelia of (a) the 
efferent duct, area 0.1 cmP- and (b) the cauda epididymidis, area 0.45 cm2. (a i) 
and (b i) are the Isc records of the epithelia. The left hand record in each group is 
the control in which only AVP (1 |iM) was added basolaterally without any agent 
pretreatment. In the right hand record, the epithelium was pretreated with TFP 
(20 jiM) added apically before the challenge of AVP (basolateral, 1 pM). 
Transient current pulses were the results of intermittently clamping the potentid 
at 0.1-0.3 mV. Arrows mark the time at which the agents were added. The 
horizontal lines indicate zero Isc- (a ii) and (b ii) are the summaries of the TFP 
effects, n shows the number of separate epithelia used. Each column is the mean 
of Isc increase with SEM. *** represents P< 0.001, NS represents no significant 
difference when compared to the control. 
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investigate its effects on I s c . In both the efferent duct and the cauda 
epididymidis, apical addition of indomethacin caused a slight reduction in basal 
Isc as shown in fig 111.14. The Isc response to subsequent AVP stimulation 
(basolateral, 1 |jM) was significantly reduced (P< 0.001). 
m. 2.7 Effects of forskolin 
In order to investigate whether cAMP was involved in the AVP stimulated 
rise in Isc, an activator of adenylate cyclase, forskolin (1 |iM) was used. The 
results are shown in fig 111.15. In both the efferent duct and the cauda 
epididymidis, forskolin added basolaterally elicited a rapid and sustained rise in 
Isc. When the Isc became stable, AVP (basolateral, 1 jiM) was added 
basolaterally and the response to AVP was significantly reduced (P< 0.001). 
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Fig m. 14 
Effect of indomethacin pretreatment on the AVP response in the epithelia of (a) 
the efferent duct, area 0.1 cm2 and (b) the cauda epididymidis, area 0.45 cm2. (a 
i) and (b i) are the Isc records of the epithelia. The left hand record in each group 
is the control in which only AVP (1 |lM) was added basolaterally without any 
agent pretreatment. In the right hand record, the epithelium was pretreated with 
indomethacin (Indo, 5 |iM) added apically before the challenge of AVP 
(basolateral，1 jiM). Transient current pulses were the results of intermittently 
clamping the potential at 0.1-0.3 mV. AJTOWS mark the time at which the agents 
were added. The horizontal lines indicate zero Isc. (a ii) and (b ii) are the 
summaries of the indomethacin effects, n shows the number of separate epithelia 
used. Each column is the mean of Isc increase SEM. *** represents P< 0.001 
when compared to the control. 
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Fig m. 15 
Effect of forskolin pretreatment on the AVP response in the epithelia of (a) the 
efferent duct, area 0.1 cnfi and (b) the cauda epididymidis, area 0.45 cm2. (a i) 
and (b i) are the Isc records of the epithelia. The left hand record in each group is 
the control in which only AVP (1 |im) was added basolaterally without any agent 
pretreatment. In the right hand record, the epithelium was pretreated with 
forskolin (Fors, 1 jiM) added basolaterally before the challenge of AVP 
(basolateral, 1 |iM). Transient current pulses were the results of intermittently 
clamping the potential at 0.1-0.3 mV. A^ows mark the time at which the agents 
were added. The horizontal lines indicate zero Isc- (a ii) and (b ii) are the 
summaries of the forskolin effects, n shows the number of separate epithelia 
used. Each column is the mean of Isc increase SEM. *** represents P< 0.001 
when compared to the control. 
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Chapter IV Discussion 
In the present study, differences in electrolyte transport in primary cultured 
epithelia of the efferent duct, the initial segment and the cauda epididymidis were 
studied. These three regions are chosen because the epithelium lining each region 
has distinctive morphology (Fumie and Toshio, 1978b; Hoffer and Greenberg, 
1978), suggesting that the epididymis might exhibit regional difference in epithelial 
functions (Turner, 1991). 
The results demonstrated that the cultured efferent ductal epithelium exhibited 
a high basal Isc (Fig IILl) and a low transepithelial resistance (Fig 111.2). This 
suggested that it was a leaky epithelium allowing large fluxes of electrolyte under 
basal condition. In the case of the initial segment, the low basal Isc (Fig 111.1) and 
the low transepithelial resistance (Fig in.2) exhibited by the reconstituted 
epithelium suggested it was a leaky epithelium and which did not participate in net 
electrolyte transport in a considerable extent. On the other hand, the cauda 
epididymal epithelium exhibited a low basal Isc (Fig IILl) but a high 
transepithelial resistance, (Fig III.2) a feature consistent with a tighter epithelium. 
The results were in keeping with the histological studies of the male excurrent duct 
epithelium (Fumie and Toshio, 1978a; Fumie and Toshio, 1978b). By the use of 
freeze-fracture technique, the number of tight junction strands (representing the 
tightness of the intercellular junction) between the epithelial cells in the efferent duct 
was found to be much lower than that of the cauda epididymidis. The high 
permeability of the efferent ductal and the initial segment epithelia were consistent 
with their roles in active fluid transport and endocytosis (Hinton, 1985; Robaire 
and Hermo, 1988; Turner, 1991). On the other hand, the tight epithelium in the 
cauda epididymidis might provide a stable and well-protected environment for the 
temporary storage of mature spermatozoa. 
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The present study also investigated the involvement of CI" in basal Isc in the 
efferent duct, the initial segment and the cauda epididymidis. This was studied by 
the removal of ambient CI" and the use of CI" channel blocker, DPC. Under CI" 
free condition, the basal Isc in all regions were reduced to less than 2% of the 
control (Fig 111.3). The remaining Isc might be attributed to HCO3" secretion 
(Wong, 1988b). Apical addition of DPC also showed significant inhibition of 
basal Isc in all regions studied (Fig IIL3) suggesting that CI" channels might exist. 
These data demonstrated that similar to the cauda epididymidis, electrogenic CI" 
secretion could account for the Isc measured in the efferent duct and the initial 
segment. 
Previous study has shown that the secretory process in the cauda 
epididymidis conforms to the three basolateral membrane carriers model proposed 
for the rat mandibular gland (see chapter I) (Novak and Young, 1986; Wong, 
1988). To ascertain the role of different ion carriers in the efferent duct and the 
initial segment, SITS, an Cl'/HCOs" exchanger inhibitor, amiloride, an Na+/H+ 
exchanger inhibitor and bumetanide, an Na+/K+/2C1- symport inhibitor were 
applied to the basolateral side of the tissues. The epithelia were pretreated with 
forskolin to increase the rate of CI" secretion. In all the regions studied, the basal 
Isc could be largely inhibited by bumetanide (Fig III.4) suggesting the 
Na+/K+/2C1_ symport was the most important carrier in CI" secretion. It should be 
noted that additions of amiloride and SITS to the tissues also led to inhibition of 
basal Isc suggesting that like the cauda epididymidis, the basolateral Na+/H+ and 
the HCO3-/CI- exchangers were involved in CI" secretion in the epithelia of the 
efferent duct and the initial segment. � 
cAMP and Ca2+ are the two major intracellular second messengers involved 
in the stimulus-secretion coupling. Indeed, electrolyte transport in many epithelia 
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involves both the cAMP and the Ca2+ dependent pathways and sometimes an 
interaction of these two pathways exists (Donowitz, 1986). In the rat and human 
epididymal cells, whole-cell patch-clamp studies have shown that CI" current could 
be evoked by increases in cAMP and Ca2+ (Huang et al” 1993). Agonists which 
cause an increase in intracellular cAMP or Ca2+ trigger a rise in Isc (Leung et al” 
1992; Leung et al” 1993; Wong, 1988c; Wong et aL, 1990) further supporting the 
notion that cAMP and Ca2+ are the two mediators responsible for CI" secretion in 
the epididymis. In the present study, regional difference in the relative importance 
of cAMP and Ca2+ in mediating CI" secretion in the epididymis was found and 
illustrated in fig IV. 1. In these experiments, forskolin, an adenylate cyclase 
activator (Seamon et al.’ 1981) and ionomycin, a Ca2+ ionophore (Liu and 
Hermann, 1978) were used to elicit a rise in intracellular cAMP and Ca2+ 
respectively. The efferent duct showed the largest response to forskolin followed 
by the initial segment and the cauda epididymidis (Fig 111.5)• On the other hand, 
the cauda epididymidis showed the largest response to ionomycin when compared 
to the efferent duct and the initial segment (Fig 111.7). This suggested that the 
cAMP pathway might be more important in CI" secretion in the efferent duct 
whereas in the cauda epididymidis, the Ca2+ pathway might be more important. In 
the case of the initial segment, the relative importance of cAMP and Ca2+ in 
mediating CI" secretion is between that of the efferent duct and the cauda 
epididymidis. In addition to cAMP and Ca2+，prostaglandins are also involved in 
the CI" secretion process (Schaffer and Zadunaisky, 1986; Cuthbert, George and 
MacVinish, 1985). Previous studies on the cauda epididymidis showed that 
addition of exogenous PGE2 stimulated a rise in Isc (Cuthbert and Wong, 1986). 
Addition of cyclooxygenase inhibitiors such as piroxicam or indomethacin reduced 
the basal Isc and the Isc response to some secretory agonists e.g. bradykinin and 
angiotensin II (Cuthbert and Wong, 1986; Wong et al., 1990). In the present 
study, the efferent duct was found to be the most responsive to exogenous PGE2 
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Models illustrating the regional difference in the relative importance of second mess nger in CI" secretion (Ple se re s to text for further details). 
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(Fig ni.9). The similar regional profile in the PGE2- and forskolin-evoked 
responses suggested that the effects of prostaglandins may involve cAMP in the 
stimulus-secretion coupling. 
Previous work on the cauda epididymidis showed that secretion is regulated 
by a number of circulating hormones (Leung et aL, 1992; Wong et al” 1988; Wong 
et aL, 1990). The present study demonstrated that AVP could have secretory 
effects on the epithelia in the proximal (efferent duct) and the distal regions (cauda 
epididymidis). Only these two regions are chosen to study because they have been 
shown to display large differences in the basal electrolyte transport rate and the 
relative importance of cAMP and Ca2+ in CI" secretion. It is of interest to note that 
there are regional differences with respect to sensitivity to AVP, magnitude of 
response and the signal transduction pathway involved. The results can be 
illustrated by the models shown in fig IV.2. Both the efferent duct and the cauda 
epididymidis showed a rapid, transient and dose-dependent increase in Isc in 
response to basolateral AVP stimulation (fig III.8). However, the threshold dose 
of AVP needed to elicit a response was smaller and the maximal dose was larger in 
the efferent duct. The greater sensitivity to AVP and the larger A VP-evoked 
response suggested that the efferent ductal epithelial cells may possess a greater 
number of AVP receptors than those of the cauda epididymidis. 
The increase in Isc upon AVP stimulation in both regions could be due to CI" 
secretion through apical channels. This notion is supported by the observation that 
ambient CI" removal and the DPC pretreatment completely abolished the Isc 
response to AVP (Fig 1119). This is in agreement with the finding that both the 
efferent duct and the cauda epididymidis are CI" secreting epithelia (Fig in.3). 
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Models illustrating the regional difference in the A VP-evoked CI" secretion in 
epithelial cells of the efferent duct and the cauda epididymidis (please refer to text 
for further details). 
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With the use of specific receptor antagonist, the present study demonstrated 
that the secretory response to AVP was mediated via Vi receptors (Fig III 11). 
Activation of Vi receptors stimulates C1' secretion in the efferent duct and the cauda 
epididymidis via different transduction pathways. In the efferent duct, the 
secretory response to AVP might be Ca2+ independent, whereas in the cauda 
epididymidis it might be Ca2+ dependent. Pretreating the tissues with thapsigargin 
has been shown to deplete intracellular Ca2+ store by inhibiting Ca2+ uptake 
process (Thastrup et al； 1990). A rise in intracellular Ca2+ upon thapsigargin 
stimulation was reflected by an increase in Isc (Fig HI. 12). It was found that 
thapsigargin could only inhibit the A VP-evoked response in the cauda epididymidis 
but not in the efferent duct. The difference in Ca2+ dependence was further 
supported by the studies using TFP. TFP has been reported to inhibit the Ca2+-
calmodulin complex in many tissues (Craven and DeRubertis, 1981; Craven and 
DeRubeitis, 1983; Fan and Powell, 1983). Addition of TFP to the apical side of 
the epithelia reduced the basal Isc (Fig HI. 13). This could be attributed to the 
inhibition of Ca2+-calmodulin function which causes direct stimulation of CI" 
secretion (Fan and Powell, 1983) or which releases prostaglandins which itself 
stimulates CI" secretion (Craven and DeRubertis, 1983). Similar to the results of 
thapsigargin, TFP could only inhibit the A VP-evoked response in the cauda 
epididymidis but not in the efferent duct. The results showed that only the A VP-
evoked Isc response in the cauda epididymidis involves Ca2+. This is in 
agreement with the finding that being the more important second messenger in 
CI" secretion in the cauda epididymidis. It should be mentioned that the 
concentration of TFP used in the present study was known to inhibit the Ca2+-
calmodulin function in many other tissues (Craven and DeRubertis, 1981; Craven 
and DeRubertis, 1983; Fan and Powell, 1983). 
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In the rat cauda epididymidis, it has been shown that inhibition of 
endogenous prostaglandin synthesis can reduce the agonist stimulated increase in 
Isc (Cuthbert and Wong, 1986; Wong et al” 1990). Also it has been shown that 
AVP was capable of stimulating prostaglandin synthesis via Vi receptor (Troyer, 
Kreisberg, Schwertz and Venkalachalam, 1985; Ziper, Myers and Needleman, 
1981). In the present study, addition of a cyclooxygenase inhibitor, indomethacin 
to the apical side of the tissues resulted in a decrease in basal Isc in both the 
efferent duct and the cauda epididymidis (Fig 111.14). The results indicated that 
endogenous prostaglandin production was involved in basal CI" secretion in these 
regions. Indomethacin also reduced the A VP-evoked response in both epithelia, 
supporting the notion that AVP could stimulate prostaglandin synthesis in this cell. 
In the MDCK monolayers, A VP-evoked CI" secretion is mediated through a 
rise in intracellular cAMP (Simmons and Brown, 1991). In the present study, it 
was found that forskolin significantly reduced the AVP response in both the 
efferent duct and the cauda epididymidis (Fig 111.15) suggesting that cAMP was 
required in the signaling pathway of AVP in both regions. The increase in cAMP 
in both regions might be induced by the synthesis of prostaglandins as shown 
above or by direct stimulation by AVP. The above results demonstrated that AVP 
stimulates different signaling pathway in the efferent ductal and the cauda 
epididymal epithelial cells. 
In other tissues such as smooth muscle cells or hepatocytes, Vi receptor 
usually elicits the hydrolysis of phosphoinositide and induces a Ca2+ rise (Nabika, 
Vellerti, Lovenberg and Beaven, 1985)，However the present study showed that 
the Vi receptor mediated-Cl" secretion in the efferent duct is Ca2+ independent. It 
is not known whether AVP cause a rise in intracellular Ca2+ and/or IP3 
concentrations since these parameters were not measured in this study. 
57 
The present study investigated the regional differences of the electrolytes 
transport activities have shed light on the underlying mechanism of spermatozoa 
transformation and maturation process along different regions of the epididymis. 
A direct inhibitory action of AVP and its related peptides on the testosterone 
production in the Leydig cells have been found (Adashi and Hsueh, 1982; Adashi 
et al” 1984; Maggi et al” 1987). The present study has provided further 
information on the role of AVP as a hormonal regulator along the male excurrent 
duct. 
In conclusion, the present study showed that regional differences exist in the 
epididymis with respect to the tightness of epithelium, the CI" secretion rate and the 
relative contribution of the second messengers in CI" secretion. It is believed that 
further studies along this line will provide better understanding of the role of the 
epididymis in spermatozoa maturation and storage. 
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